This paper presents a succession-level approximate reduction method to obtain a highly accurate condensation model for large scale structures. Distinct from the previous reduction techniques, all the inertia items can be embodied by using the Neumann series expansion. Then any level approximation can be achieved when the sufficiently accurate modal parameters are obtained. The first-order and the second-order approximate reduction equations are derived in this study. A numerical example is given to verify the proposed method.
Introduction
For solving the eigenvalue problem of a structural system with a large number of degrees of freedom (DOFs), it is often desirable to reduce the size of the problem by performing a reduction on the structural mass and stiffness matrices. Guyan's method [1] is widely used in engineering practice but it is exact only at zero frequency. Several improved reduction techniques have been presented in recent years by making some allowance for the inertia items [2] [3] [4] [5] [6] [7] [8] . This paper proposes a succession-level approximate reduction method to gain highly accurate condensation models. Differing from the prior reduction techniques, all the inertia items can be embodied in the presented method by using the Neumann series expansion. When all the inertia items are omitted, the proposed reduction technique degenerates into the Guyan's method, whereas, more accurate reduced models can be acquired by including the first few inertia items. The first-order and the second-order approximations for model reduction are illustrated in detail in this study. A numerical example is given to demonstrate the proposed reduction method and the first few eigenvalues of various condensation models are calculated for comparison.
where the superscripts ''m" and ''s" denote the master and slave DOFs, respectively. Correspondingly, Eq. (1) changes into
From Eq. (3), we have
Rewriting Eq. (5), we obtain
Eq. (6) can be expanded by Neumann series as
In engineering practice, for most structures, we often adopt the diagonal mass matrix in structural finite element model (FEM) analysis. This means that
And then Eq. (7) simplifies to
If we ignore the inertia items in Eq. (9), the Guyan's condensation formula will be obtained as
Accordingly, the eigenvalue equation of the reduced model obtained by Guyan's method is
where
in which the transformation matrix T is
Guyan's method is accurate only when the masses associated with the slave DOFs are very small. With the magnitudes of the masses for those slave DOFs increasing, the inertia items in Eq. (9) must be included to achieve more precise reduced models. In the following discussion, the first-order and the second-order approximate reduction equations are derived to improve the accuracy of the condensation model.
The first-order approximation
In the first-order approximation, only the first inertia item in Eq. (9) is used to derive the condensation formula. Therefore, Eq. (9) simplifies to
According to Eqs. (4) and (8), we have
Substituting Eq. (16) into Eq. (15), one has
Then Eq. (17) can be rewritten as
Thereby the first-order approximate equation for model reduction is
The second-order approximation
The first and the second inertia items in Eq. (9) are remained and the others are omitted in the derivation for the secondorder approximation. Accordingly, Eq. (9) reduces to
Multiplying Eq. (16) by k j , one obtains
According to Eqs. (5) and (8), we have
Rewriting Eq. (25), one has
Substituting Eqs. (16) and (26) into Eq. (24), we have
Substituting Eqs. (16) and (27) 
From Eq. (32), one has
Thus the second-order approximate equation for model reduction is given by
If we want to obtain more accurate condensation models, the higher order approximations can be derived as before, which are not further discussed in this study.
Numerical example
A reticulated structure (shown in Fig. 1 ) is taken as an example to verify the proposed method. The basic parameters of the structure are as follows: E ¼ 200 GPa; q ¼ 7:8 Â 10 master whereas the others are slave. The first six eigenvalues obtained by the unreduced model, Guyan's method, the firstorder and the second-order approximations are listed in Table 1 . From Table 1 , it can be seen that the proposed reduction technique has improve accuracy over Guyan's method and more accurate results can be obtained with the approximate level increasing.
Conclusions
A model reduction method based on Neumann series expansion is presented in this paper. The proposed method can improve the accuracy of the reduced model by including some inertia items. The first-order and the second-order approximations are discussed in this study. Results of a numerical example demonstrate the effectiveness of the proposed reduction method. 
